Chlorela ellipsoidea Gerneck (IAM C-27) (4, 9, 18, 22) . However, little attention has been given to any shift of lipid metabolism leading to the membrane changes.
Studies on freezing injury and resistance in plants indicate that the cellular membranes in hardy cells changes in its lipid composition during hardening so as to tolerate freezing (4, 9, 18, 22) . However, little attention has been given to any shift of lipid metabolism leading to the membrane changes.
Previous studies have shown that the major site of lipid synthesis in Chlorella ellipsoidea shifts from chloroplasts to a cytoplasmic system during hardening (6) , and an unknown nonpolar lipid greatly increases with an increase in frost hardiness (10) . Electron micrographs of hardened cells showed that a number of lipid bodies appear along plasma membrane during hardening (5) .
The present results refer to studies on the identification of the unknown nonpolar lipid and its possible involvement in the appearance of lipid bodies and in the development of frost hardiness. A preliminary account of portions of this study has been presented elsewhere (5) . 
MATERIALS AND METHODS
Growth and Hardening of Plant Material. C. ellipsoidea Gerneck (IAM C-27) was grown in synchronous culture at 25°C, under 9 to 10 kilolux, with 1% (v/v) C02-air, at a concentration of about 1 x 1010 cells/l, and under a 28-h light/ 14-h dark regime as described previously (7) . Inasmuch as the cells hardened most at the L2 stage (an intermediate stage in the ripening phase of the cell cycle) (7), L2 cells were used here. L2 cells synchronized at 25°C were directly hardened at 3°C for 48 h. During hardening the culture was aerated with air enriched to about 1% CO2 and kept in the light (9-10 kilolux) or in the dark in the presence of 0.1% (w/v) glucose.
Measurement of Frost Hardiness. Five ml of the culture (about 1 x 1010 cells/l) in a sterilized test tube, which was set aslant to prevent supercooling, was cooled in an air-blast freezer at -20°C for 20 h. The frozen specimen was thawed in a bath kept at 25°C. The cooling and thawing rates, represented by the time required to change the temperature between 10 and -10°C, were about 41 min and 57 s, respectively. After freeze-thawing, the cell suspension was incubated on a reciprocal shaker at 25°C under about 2.5 kilolux light. Nonfrozen control sample was incubated under the same conditions. Packed cell volume of the cell suspension was measured with a hematocrit at zero time and after 72 h incubation. The viability of algal cells was determined by the ratio of increment in packed cell volume during the first 72 h incubation to the value of packed cell volume at zero time. Previous studies (7, 8) have demonstrated that the viability determined by packed cell volume coincides with that determined by colony count and with a growth curve on the basis of A420. Frost hardiness was measured by the ratio ofviability of frozen cells to that ofunfrozen cells. Treatment with Antimetabolites. Cells (about I x 1010 cells/l) were exposed to 0.1 mm CHI,4 50 tIM OGM, or 5 ZlM DCMU during hardening. When viability of the treated cells was measured, the antimetabolite was removed by repeated centrifugation (8) .
Lipid Extraction and Analysis. Cell lipids were extracted twice with hot methanol and then once with chloroform-methanol (2:1, v/v) as described elsewhere (10) . The combined lipid extracts were subjected to Folch's procedure (3) to remove nonlipid contaminants. Aliquots of the purified lipid samples dissolved in a known amount of chloroform were loaded on Silica gel H plates which were then developed with n-hexane-diethyl ether-acetic acid methanolysis as follows. The nonpolar lipid corresponding to the band was scraped from the plate and eluted with acetone. After evaporation of the acetone in vacuo, the nonpolar lipid was dissolved in a known amount of chloroform. The lipid was transmethylated in 5% (w/w) methanolic HCI by a modification of the method of Stoffel et al. (19) . The methyl ester sample was extracted with n-hexane and chromatographed on a Hitachi model K 53 equipped with a hydrogen flame ionization detector at 0.7 kg/cm2 N2 flow. The column (3 mm x 1 m) was packed with 15% (w/w) ethylene glycol succinate polyester (80-100 mesh). The column temperature was programmed from 180°C to 230°C at a rate of 5°C/min. Tentative identification of the methyl esters was achieved by comigrating with authentic compounds.
Pulse Labeling with I'4CINaHCO3. Cells in 30 ml cultures (about 3 x 1011 cells/l) were pulse-labeled at 3°C with 20,iCi [14C] NaHCO3 (47 mCi/mmol) for 4 min at zero time and at the 12th h from the start of hardening. The pulse-labeling was terminated by adding a 104-fold amount of unlabeled NaHCO3. The labeled cells were collected by centrifugation, resuspended in 130 ml of fresh medium kept at 3°C, and hardened again. Portions (25 ml) of the rehardened suspension were removed at suitable intervals during hardening. To determine the radioactivities incorporated into the total lipids of whole cells and the nonpolar lipid and into the total lipids of the cellular membrane fraction, 15 ml and 5 ml of the suspension were used respectively. Extraction of total lipids from whole cells and isolation of the nonpolar lipid by TLC (onehalf volume of total lipid extract from cells in 15 ml suspension was used) were performed as described above. The 5-ml suspension was homogenized with glass beads of 0.5 mm diameter in a reciprocal shaker (Vibrogen-Zellmiihle, Edmund Biihler Co., Tubingen, Germany), for 15 min at 4,500 rpm at 3°C. The homogenate was free from intact cells under the disrupting conditions. After removing the beads through a sintered-glass funnel, the homogenate was centrifuged at 9,000g for 30 min. The 9,000g pellet was designated as the cellular membrane fraction. Total lipids of the fraction were extracted as described above. The radioactivity of each fraction was measured by scintillation counting (Intertechnique SL-32 liquid scintillation spectrometer) in toluene containing 0.4% PPO. Efficiency of counting was approximately 80% and data were corrected for quenching by the external standard ratio method.
Electron Microscopy. Cells were suspended in 5% (v/v) glutaraldehyde in 0.2 M cacodylate buffer (pH 7.4) and fixed for 2 h at 0°C. Then the cells were washed five times with cacodylate buffer and postfixed in 2% (w/v) KMnO4 solution for 2 h at room temperature. After washing with deionized H20, the cells were embedded in 2% (w/v) agar, which was cut into 1 mm3 blocks. The agar blocks were dehydrated successively with an ethanol series (30-90%o, v/v) and an acetone series (90-100%o, v/v), then were embedded in an Epon 812 mixture (12) . Thin sections were stained with 2% (w/v) uranyl acetate solution and lead acetate solution (20) , and examined with a Hitachi H-500 electron microscope.
Chemicals. ['4C]NaHCO3 was a product of New England Nuclear. CHI and OGM were purchased from Sigma and DCMU was from Tokyo Kasei Co., Ltd.
RESULTS

Identification of Nonpolar Lipid Increased during Hardening.
As reported previously (10) , TLC of nonpolar lipids extracted from unhardened and hardened Chlorella showed that an unknown nonpolar lipid remarkably increased with an increase in frost hardiness. The nonpolar lipid was detected as a band located between triglyceride and stearic acid standards.
A preliminary analysis of the nonpolar lipid with an IR spectrometer suggested the presence of the carbonyl absorption of FFA but did not show the carbonyl stretch band of the unconju- gated ester of triglycerides. The nonpolar lipid, therefore, was eluted from the band and analyzed by GLC after methanolysis. Figure 1 shows a gas-liquid chromatogram of the methyl esters of the lipid. Palmitic, oleic, linoleic, and linolenic acids were main components of the nonpolar lipid. The lipid was also detected when cell lipids were extracted with cold chloroform-methanol (2:1, v/v) instead of hot methanol by grinding cells with sea sand at 0°C. These results indicate that the nonpolar lipid which greatly increased during hardening mainly consists of the four FFA, palmitic, oleic, linoleic, and linolenic acids.
Participation of FFA Formation in Appearance of Lipid Bodies and Development of Frost Hardiness. Typical electron micrographs of hardened and unhardened cells are shown in Figure 2 . Several lipid bodies were observed along the cell wall of hardened cells ( Fig. 2A) . Figure 2B shows the same lipid bodies as in Figure  2A at a higher magnification. No lipid body was observed in unhardened cells (Fig. 2C ) and in CHI-treated cells (Fig. 2D) . CHI has been reported to inhibit completely the development of frost hardiness (17) . These electron micrographs indicate that the production of lipid body may be involved in the development of frost hardiness.
The formation of the FFA and the appearance of lipid bodies were remarkable during hardening. To clarify further the interrelation among these events and the development of frost hardiness, inhibitory effects of antimetabolites on them were examined.
The results are summarized in Table I . The algal cells developed a similar level of frost hardiness in both the light and the dark in the presence of glucose. The FFA formed under both conditions were equivalent in composition and quantity (Fig. 1) . CHI, OGM, or DCMU inhibited the development of frost hardiness except for Golgi's apparatus; L, lipid body; M, mitochondrion; N, nucleus; S, starch; V, vacuole. and 9,000g Pellet, and FFA. A previous report (6) has shown that the major site oflipid synthesis in Chlorella shifts from chloroplasts to a cytoplasmic system during hardening, and lipid synthesis in the cytoplasmic system is more active than that in chloroplasts after 6 h ofhardening. Chlorella cells were pulse-labeled with ["4C1 NaHCO3 for 4 min at zero time and at the 12th h of hardening. When cells were pulse-labeled at zero time of hardening, the radioactivity incorporated into total lipids of whole cells and the cellular membrane fraction (9,000g pellet) rapidly increased in the first 6-h of hardening and slowly thereafter (Fig. 3) . Lipid Bodies Cells were exposed to cycloheximide (CHI), oligomycin (OGM), and DCMU during hardening in the light and in the dark in the presence of glucose. After removal of the antimetabolite, the cells in 5 ml of culture medium were cooled at -20°C for 20 h. The viability of cells was represented by the ratio of the increment in packed cell volume in the first 72 h incubation to the value of packed cell volume at zero time. Each ratio represents an average +SE of three determinations. Fatty acid formation and lipid body appearance were confirmed by TLC and electron microscopy, respectively.
Hardening (Fig. 1, Table I ). Because light is necessary for fatty acid synthesis from acetate in the chloroplast (13) , these results show that chloroplasts are not the sole site for de novo fatty acid synthesis in Chlorella. This is consistent with the previous results (6) that the major site of lipid synthesis shifts from chloroplasts to a cytoplasmic system during hardening.
These studies demonstrate that FFA accumulate and lipid bodies appear during hardening of Chlorella. Although FFA are suggested to be rapidly inserted into the fatty acid moiety of membrane lipids during hardening, the accumulation of FFA and the appearance of lipid bodiesper se appear not to be essential for the development of frost hardiness.
